A mong the four types of glial cells in the retina, Müller cells are the most important ones. They extend throughout the whole thickness of the neural retina, with their nucleus in the inner nuclear layer, and many fine processes which surround neuronal cell bodies, axons, and blood vessels. 1, 2 The association between Müller cell processes and retinal neurons implies a close functional relationship between these two cell types. Müller cells subserve many of the metabolic, ionic, and extracellular buffering requirements of neurons. 1 Although much is yet to be learned about the functions of Müller cells in the retina, it is clear that they play important roles in its development, in the preservation of its integrity, and in maintaining neuronal survival. [3] [4] [5] By virtue of their transretinal orientation, Müller cells are positioned to respond to several initiating events in the retina. 6, 7 Virtually all retinal diseases are associated with reactive Müller cell gliosis, which may be protective and support the survival of retinal neurons or may exacerbate the progress of neuronal degeneration. 8 Diabetic retinopathy is a complication of diabetes and the leading cause of blindness in the active population of developed countries. There is an emerging body of evidence suggesting that neuronal changes are an early phenomenon in the diabetic retina and that several cell types are affected, including the neuronal and glial cells. 9, 10 Biological events are associated with changes in the expression of key genes. During the onset and progression of diseases, extensive changes take place in gene expression. By comparing gene expression profiles under different conditions, individual genes or group of genes that play important roles in a particular signaling cascade or process or in disease etiology can be identified. Serial analysis of gene expression (SAGE) is a highly efficient method that can provide the global gene expression profile of a particular type of cell or tissue. [11] [12] [13] Two major principles underlie SAGE: short expressed sequence tags (ESTs) are sufficient to identify individual gene products, and these unique sequence tags (15 bp) can be concatenated into long DNA molecules and identified by sequence analysis. 11, 14 With the ever-expanding sequence information available in public databases, identification of gene transcripts with SAGE tags has greatly facilitated transcriptome comparison and gene identification. 15 The SAGE method has also been used in a wide variety of applications such as analysis of the effect of drugs on tissues or disease-related genes and gaining insights into disease pathways. 16 A few SAGE analyses of retinal tissue have been conducted during the past few years. Blackshaw et al. 17 were the first ones to study the mouse retina by SAGE, followed with a SAGE analysis of each cell type involved in mouse retinal development including Müller cells. 18 Sharon et al. 19 were the first to use SAGE to compare different regions of the retina. Recently, Kobashi-Hashida et al. 20 analyzed the expression profile of the human choroid and the retinal pigment epithelium. More recently, Bowes Rickman et al. 21 presented EyeSAGE, a transcriptome database of human retina and RPE/choroid. To our knowledge, no one has prepared a SAGE library of human Müller cells. In the present study, we used the SAGE method to determine the gene expression profile of normal human Müller cells (NHMCs) and two previously characterized human Müller cell lines (HMCLs) 22 generated from donors with type 1 or type
Preparation of Samples
The two spontaneous human Müller cell lines obtained from donors with type 1 (HMCL-I) or type 2 (HMCL-II) diabetes have been recently characterized. 22 Isolation and culture of HMCLs and NHMC were performed as previously described. 22, 23 Total RNA from HMCLs and NHMCs has been isolated by using an RNA extraction kit (Qiagen, Mississauga, ON, Canada). 24 
Transcriptome Analysis
The SAGE method was performed as previously described. 11, [25] [26] [27] In brief, polyadenylated RNA was extracted with an mRNA purification system (Oligotex; Qiagen), annealed with the biotin-5-T 18 -3 primer and converted to cDNA with the cDNA synthesis kit (Invitrogen, Carlsbad, CA). The resultant cDNA library was digested with NlaIII (anchoring enzyme), and the 3Ј restriction fragments were isolated with streptavidin-coated magnetic beads (Dynal Biotech, Carlsbad, CA) and separated in two populations. Each population was ligated to one of the two annealed linker pairs and extensively washed to remove unligated linkers. The tag beside the most 3Ј NlaIII restriction site (CATG) of each transcript was released by digestion with BsmFI (tagging enzyme). The blunting kit from Takara Co. (Otsu, Japan) was used for the blunting and ligation of the two tag populations. The resulting ligation products containing the ditags were amplified by PCR with an initial denaturation step of 1 minute at 95°C, followed by 22 cycles of 20 seconds at 94°C, 20 seconds at 60°C, and 2 seconds at 72°C with 27-bp primers. 27 The PCR product was digested with NlaIII, and the band containing the ditags was extracted from the acrylamide gel. The purified ditags were self-ligated to form concatemers. The concatemers of 500 to 1800 bp were isolated by agarose gel electrophoresis. The resulting DNA fragments were cloned into the SphI site of pUC19, and bacterial transformation was performed (UltraMAX DH5␣FT; Invitrogen). White colonies were screened by PCR to select long inserts for automated sequencing by the Plateforme de Génomique du Centre de Recherche du CHUL (Centre Hospitalier de l'Université Laval; Service de Séquençage et de Génotypage).
Bioinformatic Analyses
Sequence files were analyzed by the SAGEana program, a modification of SAGEparser (ftp://ftp.pbrc.edu/public/eesnyder/SAGE/). Tags corresponding to linker sequences were discarded, and duplicate concatemers were counted only once. Identification of the transcripts was obtained by matching the 15 bp (CATG ϩ 11 bp tags) with the UniGene (www.ncbi.nlm.nih.gov/entrez/query.fcgi?dbϭunigene; provided by the National Center for Biotechnology Information [NCBI], Bethesda, MD) and GenBank (http://www.ncbi.nlm.nih.gov/ GenBank/; NCBI) databases. The matching procedure used was very restrictive because, to avoid the possibility of sequencing errors in the expressed sequence tag (EST) database, we did not consider the matches that were identified only once among the numerous sequences of a UniGene cluster. Indeed, the chance of matches with ESTs containing sequencing errors decreases dramatically when at least two ESTs are identified in a UniGene cluster for a given tag sequence. In addition, a minimum of one EST with a known polyA tail had to be in the UniGene cluster to identify the last NlaIII site on the corresponding cDNA. Classification of the genes was based on the updated information of the genome directory 28 found at the Institute for Genomic Research (TIGR; J. Craig Venter Institute, La Jolla, CA).
Several normal libraries (library ID: 8, 9, 94, 99, 135, and 136; cortex, heart, kidney, liver, lung, and astrocytes) as well as normal retinal libraries (library ID: 162, 163, 164, 1990 (library ID: 162, 163, 164, , 1991 (library ID: 162, 163, 164, , and 1994 ) from SAGE Genie were normalized to 50,000 tags before being loaded into our database together with our NHMC library. These SAGE Genie libraries were obtained through the SAGE Genie Web site (ftp:// ftp1.nci.nih.gov/pub/sage/human/). The Hs.libraries.gz and Hs_ short.frequencies.gz files of interest were processed using Perl, a programming language (http://www.perl.org), and information regarding the tags was loaded into a SQLite database (http://www.sqlite.org). Only the tags that were sequenced two times or more were included in the database, to avoid possible sequencing errors and the tremendous background that the single tags introduced in the comparison. SQL queries were then designed to determine the analogy between the NHMC 11-bp tags with the 10-bp tags present in the other libraries. This process was used to compare the NHMC library against a subset of the SAGE Genie libraries so that percentages of similarity between the various libraries could be obtained.
Statistical Analyses
We used the comparative count display (CCD) test to identify the transcripts that were significantly differentially expressed (P Ͻ 0.05) between the groups (NHMC and HMCLs libraries) with more than a twofold change. The CCD test makes a key-by-key comparison of two key-count distributions by generating a probability that the frequency of any key in the distribution differs by more than a given factor from the other distribution. This statistical test has been described elsewhere. 29 The data are normalized to 50,000 tags to facilitate visual comparison in the tables.
RT-PCR Analyses
Total RNA from HMCLs and NHMCs were isolated and first-strand cDNAs were synthesized and used for semiquantitative determination of mRNA levels of different genes by PCR, as previously described. 24 Gene-specific primers were designed to amplify cDNA fragments of fibronectin, cytochrome c oxidase subunit II, NADH dehydrogenase subunit IV, keratin 18, insulin growth factor binding protein 7 (IG-FBP7), cathepsin D, and transgelin (Table 1 ). The oligonucleotide primers used for the amplification of the 18S ribosomal RNA for the semiquantitative RT-PCR analyses were provided with the kit (Quantum RNA 18S Internal Standards; Ambion Inc., Austin, TX) and the measurement was performed according to the manufacturer's instructions. The primer-competimer ratio used, the annealing temperature, and the total number of cycles for each gene, as well as the cDNA size of each PCR product are presented in Table 1 . The cycle parameters were the same for both primer sets used (denaturation 94°C, 1 minute; annealing, 1 minute; extension 72°C, 1 minute). Band density was evaluated by the Service d'Analyze d'Image du CHUL with an image analysis software (Scion Image, Fredericksburg, MD).
RESULTS

Preparation of SAGE Libraries
The characterization of the two novel human Müller cell lines (HMCL-I and -II) 22 has shown only a few differences between HMCLs and NHMCs by RT-PCR analyses, but large differences in growth rate and proliferation. 22 SAGE libraries were thus prepared with mRNA from NHMC, HMCL-I, and HMCL-II, to determine the gene expression profile of each of these cell types and genes differentially expressed between NHMCs and HMCLs.
In total, 47,933 (NHMC), 49,877 (HMCL-I), and 48,955 (HMCL-II) tags were sequenced for each library (Table 2) . Then, 42,682 (NHMC), 47,155 (HMCL-I), and 43,611 (HMCL-II) tags were selected for further analysis ( Table 2 ). All SAGE tag sequences from these libraries have been submitted to the GEO database at the NCBI (GSE 3118). The analysis of the libraries determined that 25,743 (NHMC), 22,845 (HMCL-I), and 24,178 (HMCL-II) tags matched a unique sequence ( Table  2 ) that corresponds to a UniGene entry. A significant number of tags corresponding to no match were thus classified as possible novel genes ( Table 2) .
Tag-to-Tag Assignments
Among the tags corresponding to a unique sequence, 54% (NHMC), 52% (HMCL-I), and 62% (HMLC-II; Table 2) were associated with known genes. The other tags were associated with ESTs or hypothetical proteins (Table 2 ). Based on the expression profile of known genes, Table 3 presents the percentages of the various categories of protein function for each library. The detailed list of tags corresponding to known genes for each library is presented as supplementary data (Tables  S1-S3; all Supplementary Tables are online at http://www. iovs.org/cgi/content/full/48/11/5229/DC1). The largest category, which accounted for at least 20% of these genes, corresponded to functionally unknown genes (uncharacterized; Table 3 ). The second largest category comprised proteins involved in metabolism and accounted for 16% to 20% of the genes ( Table 3 ). The metabolism category was subdivided into six distinct categories, with metabolism energy and metabolism enzyme being the largest ones ( Table 3 ). The third largest category comprised proteins involved in protein synthesis which accounted for 15% to 18% of the genes ( Table 3 ). The proteins from the channels/signaling/transport (8%-10%) and cytoskeleton (6%-8%) categories were also expressed at high frequencies (Table 3) .
Validity Assessment of the SAGE Libraries
The three Müller cell libraries analyzed in this study shared between 51% and 59% identical tags. For critical evaluation of the quality of our libraries, we compared the NHMC library with those of various tissues, using libraries from the SAGE Genie database. Although the SAGE Genie libraries contain 10-bp tags, we managed to determine how many 11-bp tags from our NHMC library were analogous to the 10-bp tags of the libraries from various tissues. Furthermore, the total number of sequenced tags from the different SAGE Genie libraries varied between 22,000 and 127,000 tags compared with 50,000 tags for our library which influenced the percentage of similarity between libraries. Therefore, a comparison was performed with selected normalized SAGE Genie libraries to 50,000 tags. When tissues other than the retina were compared with our Müller cell library, 30% to 45% similarity was obtained between these libraries. The highest similarity of 45% was obtained when our NHMC library was compared with the astrocytes library. Astrocytes and Müller cells are both glial cells, and they share similar functions. 1 The high similarity between these two libraries is thus not surprising. However, only 20% to 30% similarity was obtained when retinal libraries were compared with NHMCs. This rather low similarity could be explained by the fact that Müller cells account for only 6% of total retinal cells. 30 Moreover, given that our NHMC library differed from the retinal libraries in the total number of sequenced tags and in the length of the tags (11 bp vs. 10 bp), we undertook an additional comparison to test the effect of these parameters. We thus compared our NHMC library with a retinal library prepared at our institute (Raymond V, private communication, July 15, 2005) in identical experimental conditions. In this case, 33% similarity was obtained, which is very close to the highest similarity (30%) we obtained with the retinal libraries from the SAGE Genie database. Moreover, this result provides confidence in the comparative analyses of various tissues described earlier. Finally, it is important to stress that none of the libraries tested showed a similarity as high as when our NHMC library was compared with our HMCL libraries (51%-59%).
A comparative analysis was also made with retinal SAGE Genie libraries to determine tags that were specific or enriched in retinal Müller cells. Therefore, specific tags were obtained by seeking sequences that were present only in the NHMC library. Since all retinal SAGE Genie libraries contain more than 50,000 tags, the data were normalized to 50,000 tags to make a valid comparison with our NHMC library of 50,000 tags. Moreover, enriched tags in NHMCs were selected by calculating the ratio of transcript expression between the NHMC library and the retinal libraries. Consequently, 5271 tags were found only in NHMCs and were thus considered specific to Müller cells (Supplementary Table S4 ). Among those tags, 30 were sequenced 10 times or more in the NHMC library and can be thus considered specific and highly expressed by Müller cells. Furthermore, 239 tags were present in the NHMC library and in at least one of the retinal libraries used for comparison (Supplementary Table S5 ). These tags were sequenced 10 times more often in the Müller cells than in the retina and can thus be considered enriched. A large number of these specific enriched genes from the NHMC library were included in the extracellular matrix and cytoskeleton categories.
We further assessed the validity of the NHMC SAGE library by evaluating tags from genes previously known to be expressed in Müller cells (Table 4 ). The tag corresponding to the cytoskeletal protein vimentin, 31 a specific marker of Müller cells, was expressed 168 times in the NHMC library. Moreover, only one tag corresponding to the glial fibrillary acidic protein (GFAP) was found in the NHMC library, which is in good agreement with studies indicating that GFAP is normally expressed at low levels in Müller cells. [32] [33] [34] Compared to NHMCs, a lower expression of VEGF was found in HMCLs, which is consistent with previous RT-PCR analyses with these cells 22 56 ; and decorin 57 were found in the NHMC library, as can be seen in Table 4 .
Characterization of Each Library
The 50 most highly expressed tags from NHMCs, HMCL-I, and HMCL-II are presented in Table 5 . The most highly expressed tag in the NHMC library is fibronectin, which is part of the extracellular matrix-cell adhesion category. A large number of additional extracellular matrix components are expressed at high level in the NHMC library such as collagen types I, II, and IV 48 -50 ; laminin 51 ; tenascin 52, 53 ; thrombospondin 54 ; and vitronectin 54 (Table 5) . A significant number of tags corresponding to the protein synthesis and cytoskeleton categories can also be found in the NHMC library. The gene encoding ferritin which is involved in iron metabolism is represented among the 10 most highly expressed tags in NHMCs (Table 5) . A high level of expression of iron metabolism proteins has also been observed in a SAGE library of the retina. 19 A large number of tags in the channel/transport protein category was also found in the NHMC library, which is consistent with one of the important functions of Müller cells. Indeed, these cells regulate the extracellular environment of the retina, and thus specific ion channels and transport systems are expressed by Müller cells. 58 The mitochondrial protein cytochrome c oxidase subunit II from the metabolism energy category was the most highly expressed tag in the HMCL-I library (Table 5) . Protein synthesis and metabolism were the main categories represented in this library. Consistent with these data, the most highly expressed tag found in the HMCL-II library (Table 5 ) also corresponded to a mitochondrial protein from the metabolism energy category, NADH dehydrogenase subunit IV. One can thus postulate that the mitochondrial respiratory chain is very active in HMCLs. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a key enzyme in glycolysis, was also highly expressed in HMCL-II (Table 5) . Energy production in Müller cells relies entirely on glycolysis, with a low dependency on oxygen. 59 It has been demonstrated that GAPDH accumulates in the nucleus of Mül-ler cells of diabetic rats, 60 which is thus in good agreement with our data.
RT-PCR analyses were performed with the most expressed tag-associated gene from each SAGE library (fibronectin, cytochrome c oxidase, and NADH dehydrogenase; Table 5 ), by using cDNA of the corresponding libraries (Fig. 1 ). An 18S ribosomal cDNA fragment (489 bp) was coamplified as a control for both cDNA synthesis and PCR efficiency. The results show that fibronectin was more strongly expressed (more than threefold) by NHMCs than by the HMCLs (Fig. 1A) . In contrast, cytochrome c oxidase expression was much higher (more than sixfold) in HMCL-I than in NHMCs (Fig. 1B) , whereas the level of expression of NADH dehydrogenase was stronger (more than twofold) in HMCLs than in NHMCs (Fig. 1C) . These data are consistent with their expression level in each SAGE library (Table 5) .
Genes Differentially Expressed between NHMCs and HMCLs
The program SAGEana 61 was used to analyze genes differentially expressed among the three libraries. This program finds transcripts that are differentially expressed with a ratio of 2 or greater among different samples, according to the statistical CCD test. 29 The Venn diagram presented in Figure 2 is a schematic representation of the tag relationship among the three different SAGE libraries. Normal human Müller cells were thus compared to Müller cells generated from diabetic donors. It can be seen that approximately one third (2721) of the tags were common to the three libraries. A detailed description of the genes that are differentially expressed in this diagram is presented in Table 6 . The NHMC library was chosen as the reference. The genes differentially expressed are thus represented as an increase or a decrease in their expression (indi- cated by an arrow in Table 6 ) with respect to NHMCs. Two mitochondrial proteins, NADH dehydrogenase subunit IV and ATP synthase F0 subunit 6, were the most highly increased genes that were differentially expressed by HMCLs. This increase in the genes involved in cellular respiration in the HMCL libraries is consistent with previous observations with human skeletal muscles from diabetic patients. 62 The extracellular matrix/cell adhesion proteins fibronectin and collagen types 1, alpha 1, and 2 accounted for the mostly decreased genes in both HMCLs when compared with NHMCs (Table 6) . We also observed a decrease in the insulin growth factor binding protein (IGFBP) and an increase in basic fibroblast growth factor (bFGF) in both HMCLs compared with the NHMCs. Comparison of the genes differentially expressed among the three SAGE libraries revealed that the expression of seven no-match tags increased in HMCLs, whereas the expression of five no match tags decreased. Those no-match tags could be novel genes.
To validate further the differential expression between NHMCs and HMCLs, we performed additional RT-PCR analyses with tag-associated genes that were differentially expressed among the three libraries (Fig. 3) . Two enriched genes from NHMCs showing decreased expression in HMCLs were selected, IGFBP-7 (Fig. 3A) and transgelin (Fig. 3B) , as well as two genes showing increased expression in HMCLs, cathepsin D (Fig. 3C) and keratin 18 (Fig. 3D) . Almost all IGFBP gene family members were expressed in NHMCs (Table 6 ). IGFBP-7 was the most highly expressed member of this family in the NHMC library (339 times)-that is, five-and twofold higher than in HMCL-I and HMCL-II, respectively (Fig. 3A) . Transgelin expression was more than sixfold higher in NHMCs than in HMCLs. Transgelin is an actin gelling protein found in smooth muscle. 63 Currently, little is known about its function. As Gunnersen et al. 64 showed by SAGE, transgelin is expressed by human astrocytes but its expression decreases in glioblastoma. Cathepsin D has been localized in rabbit and rat Müller cells. [65] [66] [67] [68] This enzyme has also been suggested to be involved in protein catabolism after phagocytosis of debris from degenerating retinal neurons by Müller cells. 69, 70 A fourfold increase 
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in cathepsin D expression was observed in HMCL-I (insulindependent) compared with HMCL-II (insulin-independent) and NHMCs (Fig. 3C) , consistent with the data of Nerurkar et al. 71 who have shown that insulin treatment of 1-month-old streptozotocin (STZ)-induced diabetic animals restores the decreased activity of cathepsin D to a level greater than normal. Finally, keratin 18 was four times more highly expressed by HMCLs than by NHMCs (Fig. 3D) , which is consistent with our previous RT-PCR analyses and with the epithelioid morphology of the HMCLs.
22
Tags Related to Retinal Diseases
Forty tags were found to correspond to genes related to retinal diseases (Table 7) . For example, genes such as the ones associated with Refsum disease (phytanoyl-CoA hydroxylase), Wolfram syndrome (wolframin), macular dystrophy (vitelliform macular dystrophy 2), glaucoma (optineurin), optic atrophy (OPA1 and -3), Bardet-Biedl syndrome (Bardet-Biedl syndrome-2, -4, and -5), retinitis pigmentosa (EST retinitis pigmentosa-9), and Sorsby fundus dystrophy (tissue inhibitor of met- alloproteinase-3) can be found in Table 7 . Moreover, vascular endothelial growth factor (VEGF), with expression that is known to be increased during diabetic retinopathy, 72 was not increased in HMCLs, which is consistent with our previous RT-PCR analyses.
22
DISCUSSION
SAGE is a powerful tool that works by isolating short fragments of genetic information from the expressed genes that are present in the cell under study. 16 Its main advantage over other methods is that it does not require prior knowledge of the genes of interest and provides qualitative and quantitative data of potentially every transcribed sequence in a particular cell or tissue type. 16 SAGE has the capability of detecting and quantifying the expression of large numbers of known and unknown transcripts 11 and has been demonstrated to be reproducible. 61 The computer program SAGEana was used to analyze the NHMC and HMCL libraries to eliminate artifacts and to adequately treat the replicated ditags. Indeed, this program eliminates the replicated concatemers and ditags of improper length, detects the presence of any vector sequence in the concatemer sequences, and does not consider them any further. 61 In this study, we have generated the first human retinal Müller cell (NHMCs) SAGE library. To create this library and reduce individual variability, we pooled cells from human donors between 2 and 40 years of age. Moreover, we also determined the expression profile of two human Müller cell lines from diabetic donors (HMCL-I and -II).
A small number of human retinal SAGE libraries have been prepared before now. 19, 21 The mouse retinal developmental study from Blackshaw et al. 18 represents the only available data containing partial information on Müller cells. Therefore, the data related to Müller cells in Supplementary Tables S5 and S7 (mouse adult Müller cells) from Blackshaw et al. 18 have been loaded into our database and compared to our NHMC library. The 72 genes common to both libraries are presented in Supplementary Table S6 . Among these genes, the most important categories are metabolism, transcription and protein synthesis (many tags are also associated with ribosomal genes), and transport. Müller cells play an active role in several metabolic processes that are vital to normal retinal function. They also exhibit many features of other glial cells, such as the expression of high-affinity carrier-mediated transport systems. [73] [74] [75] It is now firmly established that glia are major players in the active removal of neuroactive substances 76, 77 and are probably engaged in similar activities in the retina. It is thus not surprising to find a high number of transport systems genes expressed in the Müller cells library such as the Solute carrier family 25 member 12 (mitochondrial carrier) and the ATPase H ϩ transporting (Atp6ap2). Of the 72 genes in Table S6 , only 13 correspond to tags specific to Müller cells (Supplementary Table  S4 ). These genes include the four and a half LIM domains 1 (FHL1) and cadherin 11 (CDH11). The exact function of FHL1 remains unclear. In recent studies, the expression patterns of FHL1 appeared to be coordinated with important factors such as myogenin 78 and involved in the Notch signaling pathway to repress transcription. 79 CDH11 is highly expressed in a subset of cells of the inner nuclear layer of the retina 80 and more specifically in Müller cells. 81 Cadherins have been shown to be involved in many cell adhesion, morphogenesis, and cell growth and differentiation processes. 82 In their study, Marchong et al. 80 found that CDH11 mRNA levels decreased in the maturing murine retina, suggesting an important role for this protein during retinal development. Other genes associated with development can be found in both human and mouse Müller libraries, including cyclin D2, stem cell growth factor, chromatin factor assembly 1, dickkopf homolog 3 (Dkk3), and clusterin. Dkk3 is a member of the dickkopf family of Wntsignaling regulatory genes 83 and has been implicated in the control of cell proliferation. 84, 85 Wnt signaling pathways are important signal-transduction mechanisms that mediate essential processes in embryonic and adult tissues, ranging from cell proliferation and differentiation to body axis determination and synaptic plasticity. 86 Expression of the Dkk3 gene has not been reported in the degenerating retina, whereas the expression patterns of several dickkopf family members and Wntrelated genes have been described in the developing and adult normal eye. 87, 88 Dkk3 transcripts were localized to the inner nuclear layer, possibly in the glia. 89 It has been demonstrated that clusterin, a heterodimeric, acidic, and sulfated glycoprotein, 90 is a protective molecule that is upregulated during physiological stress such as neuronal development. 91 Recently, Kim et al. 92 observed the clusterin expression in different phases of retinal development in the inner nuclear layer of the retina until maturity. Furthermore, Blackshaw et al. 18 demonstrated that the expression of Dkk3 and clusterin in the adult mouse retina is restricted to Müller cells, which is consistent with the data found in the NHMC library.
The most highly expressed tag in the NHMC library, fibronectin, is an important component of the extracellular matrix and was found to be expressed in the inner limiting membrane of the retina. 51 However, it has not yet been shown to be synthesized by Müller cells. The strong fibronectin expression found in NHMCs could be explained by the necessity for Müller cells in vitro to produce their own extracellular matrix when cultured in monolayer. Many Müller cell-enriched genes (Table S5) are part of the extracellular matrix and cytoskeleton categories. It is well recognized that neuronal development is governed by a diverse group of macromolecules that include cell adhesion and receptors as well as growth neurotrophic factors and extracellular matrix constituents, which act in a concerted fashion. These molecules are expressed at specific stages in the developing retina and are intimately involved in processes such as cell determination, differentiation, and migration of retinal neurons. 93 In situ hybridization and cell culture studies have shown that Müller cells synthesize many of these developmentally important molecules, but very little is known about the specific roles of Müller cell-derived molecules in retinal development. Ultrastructural studies have shown that Müller cells contain many cytoskeletal components such as microtubules, microfilaments, and intermediate filaments, such as vimentin, which has also been shown by immunohistochemical analysis to be expressed by retinal Müller cells of all vertebrate species during development. 94 Two specific markers of Müller cells, glutamine synthetase and cellular retinaldehyde binding protein (CRALBP), were not found in the NHMC library. The absence of glutamine synthetase could be explained by the growth culture protocol of Müller cells. It has been demonstrated that when Müller cells are grown in monolayer cultures, in absence of contact interaction with neurons, they fail to induce glutamine synthetase expression. 95 In contrast, CRALBP expression is not affected by the absence of neurons. 96 However, in a proteomic study in porcine Müller cells, Hauck et al. 97 demonstrated that glutamine synthetase and CRALBP are downregulated among with other proteins when grown as primary cultures. Glutamine synthetase is expressed in HMCL libraries, but no CRALBP expression can be found. Moreover, a low expression level was detected in the most recent retinal library from Bowes Rickman et al. 21 The lack of expression of those two known markers of Müller cells in our libraries could be due to the number of tags sequenced. Indeed, approximately 50,000 tags have been sequenced per library. While it is generally accepted that using 50,000 tags per sample studied is enough to obtain a complete cell expression profile, 61, 98 it has been demonstrated that sequencing more tags (100,000 or 150,000) reduces significantly the number of no-match tags and thus increases the probability of sequencing a gene present at a low expression level. 99, 100 Traditionally, diabetic retinopathy has been viewed as a disorder of the retinal vasculature. Recent evidence indicates that it also affects the glial and neural cells of the retina. 101, 102 A growing body of evidence has demonstrated a link between various disturbances in mitochondrial functioning and diabetes. 103 A previous diabetic mouse cDNA microarray study 104 has shown the upregulation of all mitochondrial DNA-encoded proteins and most of the nuclear DNA-encoded genes for oxidative phosphorylation in the diabetic retina, suggesting that this pathway is potentially activated in the diabetic retina. This notion is consistent with our data, in that we observed an 62 identified an increased expression of these proteins in diabetes and also a higher expression in type II than in type I diabetes, which is consistent with our observations (Table 6) .
It has been well demonstrated in the literature that the expression of extracellular matrix/cell adhesion proteins is modified in diabetes. A study performed to measure the synthesis of basement membrane components in skin samples of diabetic and nondiabetic patients 105 demonstrated a significant reduction of mRNA expression of collagen and fibronectin isolated from the skin of diabetic patients, as observed in the present study for the HMCLs. Moreover, Feldmann et al. 106 measured the IGFBP serum levels of these patients, with and without diabetic retinopathy. They demonstrated that the level of IGFBP was decreased in patients with type I or II diabetes, which is in agreement with our SAGE data. In addition, we observed an increase of bFGF in the HMCLs which is known to be elevated in diabetic retinopathy. [107] [108] [109] Recently, Gerhardinger et al. 35 determined the expression profile of diabetic rat Müller cells by using gene microarray (GeneChips; Affymetrix, Santa Clara, CA). However, this oligonucleotide array method is restricted to known sequences and limitations with quantification have been identified. 110 When our SAGE library is compared with the results obtained with this oligonucleotide array method, significant discrepancies have been observed. However, their results are quite consistent with our SAGE library of HMCL-II. In particular, they found a downregulation of VEGF in diabetic rats compared with normal rats, which is consistent with our observation when comparing NHMC and HMCL SAGE libraries.
The SAGE library of human Müller cells reported in this article provides a gene expression profile of these cells that will be very useful in understanding the function of these main glial cells of the retina. Moreover, the HMCL SAGE libraries represent a valuable source of knowledge for understanding the role of Müller cells in the development of diabetic retinopathy.
